Introduction {#Sec1}
============

Asunaprevir (BMS-650032, **1**) is a tripeptidic acyl sulfonamide derivative that has been approved in 17 countries for the treatment of chronic hepatitis C virus (HCV) infection and is marketed as Sunvepra^®^ \[[@CR1]--[@CR7]\]. Asunaprevir (**1**) is a potent inhibitor of the HCV NS3/4A protease and is approved for clinical use either in combination with the HCV NS5A inhibitor daclatasvir (**2**, Daklinza^®^) or as part of a triple therapeutic regimen that includes **2** and the HCV NS5B inhibitor beclabuvir (**3**), a fixed dose combination marketed as Ximency^®^ \[[@CR8]--[@CR15]\]. The dual combination provides a highly effective treatment for patients infected with hepatitis C genotype 1b (GT-1b) virus, while the triple combination extends therapy to include the GT-1a variant that is prevalent in the United States and Europe \[[@CR3]--[@CR10], [@CR15]\]. Notably, early clinical studies with **1** and **2** provided proof of concept that a chronic HCV infection could be cured with direct-acting antiviral agents (DAAs) in the absence of the exogenous immune stimulation provided by pegylated-interferon-α (PEG-IFN-α), a component of the standard of care therapy for HCV infection prior to the advent of DAAs \[[@CR16], [@CR17]\]. This clinical result was described as a "watershed moment in the treatment of HCV" since it provided a clear clinical path to the orally administered, DAA drug regimens that are available today and which are capable of curing a chronic HCV infection after just 8--12 weeks of therapy \[[@CR18]--[@CR24]\].

![](458489_1_En_58_Figa_HTML){#MO1}

The discovery of **1** began with an evaluation of the hexapeptide derivative **4**, a compound that had been described in the literature as a modestly potent inhibitor of the HCV NS3/4A enzyme \[[@CR25]--[@CR27]\]. An X-ray co-crystal structure of **4** bound to an engineered NS3/4A complex (Fig. [1](#Fig1){ref-type="fig"}) provided key insights into the nonbonding interactions governing the ligand-protein complex. Of particular interest were the touchpoints between the terminal carboxylic acid functionality of this product-based enzyme inhibitor and the catalytic triad of the NS3 protease, which were essential for potent enzyme inhibitory activity \[[@CR27]--[@CR29]\]. These critical interactions included a salt bridge between the oxygen-centered anion of acid **4** and the imidazole ring of the catalytic histidine (His57) as well as hydrogen-bonding interactions between the carbonyl moiety and the backbone N-H of Gly139 that contributes to the oxyanion hole of the enzyme. As part of an effort to design more potent inhibitors, consideration was given to the introduction of structural motifs that would maintain the key interactions between the carboxylic acid moiety and the catalytic site elements while allowing an extension of functionality into the small and well-defined S~1~' sub-pocket \[[@CR30]\]. As illustrated in Fig. [2](#Fig2){ref-type="fig"}, the S~1~' site is a shallow pocket that is contiguous with the oxyanion hole of the enzyme whose boundaries are defined by the side chains of Phe43, Val55, and Gly58. An acyl sulfonamide was selected as a potential structural motif with which to replace the terminal carboxylic acid moiety since it appeared to fulfill the targeted criteria \[[@CR31]--[@CR33]\]. Modeling studies provided support for the design concept which preserves an acidic element while projecting the sulfone substituent toward the S~1~' pocket. The contemporaneous disclosure of the tripeptidic carboxylic acid-based inhibitors of the NS3/4A protease represented generically by **5** provided a more compelling vehicle with which to explore this design proposal, and an exploratory discovery effort was initiated \[[@CR1], [@CR25], [@CR26], [@CR34], [@CR35]\].Fig. 1Details of the binding interactions of peptide inhibitor **4** bound to an engineered HCV NS3/4A protease complex. (**a**) View of the hexapeptide **4** bound to HCV NS3/4A. (**b**) Close-up view of the P~1~ element of **4** bound to HCV NS3/4A showing His157 Fig. 2Surface of the HCV NS3/4A enzyme illustrating the S~1~ and S~1~' subsites
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The Discovery of the First Clinical Candidate, BMS-605339 {#Sec2}
=========================================================

The carboxylic acid **6** was exploited as the vehicle with which to explore the acyl sulfonamide design concept based on its potent GT-1a NS3/4A enzyme inhibition, IC~50~ = 54 nM, and efficacy in a GT-1b replicon assay where the EC~50~ value was 550 nM. The prototypical acyl sulfonamide, the methyl derivative **7**, exhibited enzyme and replicon inhibitory activities that were comparable to **6**, validating the design principle and encouraging further molecular editing (Table [1](#Tab1){ref-type="table"}) \[[@CR26]\]. Modeling studies suggested that the cyclopropyl ring deployed in **11** would be the optimal element with which to fill the S~1~' pocket and the preparation of this compound was, accordingly, given priority. In vitro evaluation of **11** revealed it to be a potent inhibitor of the GT-1a NS3/4A enzyme with an IC~50~ value of 1 nM, a 54-fold advantage over **6** that extended to the GT-1b replicon where sub-genomic virus replication was half-maximally inhibited at a concentration of 4 nM. These in vitro potency values met the criteria of \<10 nM that we had set as the standard for a clinical candidate for all of our HCV inhibitor programs, and the results fostered additional study of the acyl sulfonamide chemotype. Confirmation that **11** represented the optimal P~1~' element came from the systematic analysis of the structure-activity relationship (SAR) studies that are summarized in Table [1](#Tab1){ref-type="table"}. The ethyl homologue **8** offered sixfold increased potency over the methyl prototype **7**, while the propyl analogue **9** was twofold more potent than **7**. The *iso*propyl derivative **10** is the ring-opened analogue of **11**, and remarkably, the addition of just two hydrogen atoms to **11** is associated with a 20-fold reduction in potency in both the enzyme and cell-based assays, reflecting the precise demands associated with filling the NS3/4A S~1~' pocket \[[@CR26]\]. Interestingly, methyl substitution of the cyclopropyl ring proximal to the sulfone, as in **12**, was tolerated, with only a modest effect on antiviral potency. However, potency decreased progressively in both in vitro assays as the size of the ring was increased, as exemplified by compounds **13**--**15**, although in this series, the phenyl derivative **16** was an order of magnitude more potent than the cyclohexyl analogue **15** \[[@CR36]\]. This SAR point was attributed to the flexibility of the Gln41 side chain of the enzyme allowing accommodation of larger P~1~' structural elements. Modeling studies suggested that the key drug-target interactions of **11** revolved around the acidic acyl sulfonamide moiety engaging the imidazole of the catalytic His57 via the nitrogen rather than the carbonyl oxygen atom (Fig. [3](#Fig3){ref-type="fig"}). This contention was supported by calculations of the electrostatic potential of acyl sulfonamide derivatives and solid-state data for this structural motif \[[@CR26]\]. This scenario anticipated that the carbonyl oxygen atom of the acyl sulfonamide would accept a H-bond from the backbone N-H of Gly137 in the oxyanion hole. These predictions were ultimately confirmed by X-ray co-crystal structures of inhibitors with the NS3/4A construct which also revealed that one of the sulfone oxygen atoms engaged in a H-bonding interaction with the side chain OH of the catalytic Ser139, while the other oxygen atom coordinated with the N-H of Gly137, resulting in this N-H engaging in a bifurcated interaction (Fig. [3](#Fig3){ref-type="fig"}).Table 1HCV NS3/4A protease and GT-1b replicon inhibitory profile of the tripeptide carboxylic acid **6** and acyl sulfonamide derivatives **7**--**16** ![](458489_1_En_58_Figc_HTML.gif){#d29e838}CompoundR~1~IC~50~ inhibition of HCV NS3/4A GT-1a enzyme activity, IC~50~ (nM)Inhibition of HCV GT-1b replicon activity, EC~50~ (nM)**6**OH54550**7**![](458489_1_En_58_Figd_HTML.gif){#d29e897}36600**8**![](458489_1_En_58_Fige_HTML.gif){#d29e915}6133**9**![](458489_1_En_58_Figf_HTML.gif){#d29e933}1493**10**![](458489_1_En_58_Figg_HTML.gif){#d29e951}1997**11**![](458489_1_En_58_Figh_HTML.gif){#d29e969}14**12**![](458489_1_En_58_Figi_HTML.gif){#d29e987}58**13**![](458489_1_En_58_Figj_HTML.gif){#d29e1005}729**14**![](458489_1_En_58_Figk_HTML.gif){#d29e1023}71170**15**![](458489_1_En_58_Figl_HTML.gif){#d29e1041}149210**16**![](458489_1_En_58_Figm_HTML.gif){#d29e1059}820 Fig. 3(**a**) Model of the acyl sulfonamide moiety of **11** bound to the NS3/4A protease enzyme construct. (**b**) Key interactions between the acyl sulfonamide moiety and the NS3/4A protein. (**c**) Model of the cyclopropyl moiety bound to the S~1~' pocket

With the identification of the cyclopropyl-acyl sulfonamide as the optimal P~1~' moiety, this motif was adopted as a key structural element for further studies, stimulating the development of the synthetic methodologies to prepare cyclopropanesulfonamide and its derivatives that are summarized in Scheme [1](#Sch1){ref-type="fig"} \[[@CR37]\]. Commercially available 3-chloropropane-1-sulfonyl chloride was reacted with ammonia or *tert*-butylamine to afford the corresponding sulfonamide, with the primary sulfonamide converted to the *N*-t-Boc derivative by exposure to Boc anhydride in CH~2~Cl~2~ in the presence of Et~3~N and a catalytic amount of DMAP. Reaction of the *tert*-butyl or *N*-Boc sulfonamides with two equivalents of *n*-BuLi in THF effected an intramolecular alkylative ring closure to afford the anions of *N*-(*tert-*butyl)cyclopropanesulfonamide or *tert*-butyl (cyclopropylsulfonyl)carbamate, respectively, in situ. These products could be quenched with H~2~O and then exposed to CF~3~CO~2~H to deprotect the nitrogen atom to afford cyclopropanesulfonamide. Alternatively, the anions could be treated with an equivalent of *n-*BuLi in situ to generate dianions that were alkylated with CH~3~I to afford, after deprotection of the products by exposure to CF~3~CO~2~H, the methylated derivative explored in the context of **12**. The dianionic species could also be generated directly from *N*-(*tert-*butyl)cyclopropanesulfonamide or *tert*-butyl (cyclopropylsulfonyl)carbamate by treatment with two equivalents of *n-*BuLi in THF \[[@CR37]\].Scheme 1Synthetic approaches developed to access cyclopropanesulfonamide derivatives

The promising potency of **11** led to an evaluation of its pharmacokinetic (PK) profile in a rat snapshot experiment which captured plasma levels of the compound over a 4-h period and liver levels at the termination of the experiment following oral dosing. After the administration of a dose of 20 mpk of **11**, the plasma AUC was 0.73 μM·h, while IV administration at a dose of 5 mpk provided information on clearance (55 mL/min/kg) and half-life (1 h), data that translated into an oral bioavailability of 9% \[[@CR26]\]. However, liver levels of **11** at the end of the experiment (4-h post-dose) were 5.8 μM, tenfold higher than the concentration of 0.58 μM measured in plasma at the same time point. In a separate experiment, the liver levels at 8-h post-dose were 0.6 μM, while plasma levels were 0.004 μM, a 150-fold differential. In rat liver microsomes (RLMs), **11** demonstrated a *t* ~1/2~ value of 162 min, a level of metabolic stability that indicated that the clearance pathways in vivo were not simply a function of metabolic modification and suggested the potential for the involvement of transporter-mediated liver uptake. The PK profile of **11** in the dog was similar to that observed in the rat, with a *t* ~1/2~ value of 170 min in dog LMs, a plasma AUC of 2.0 μM·h and bioavailability of 20% following an oral dose of 3 mpk, while the clearance after IV dosing of the compound was 16 mL/min/kg, translating into a plasma half-life of 0.6 h.

The hepatotropic disposition of **11** in the rat and, particularly, the sustained exposure in the liver were considered to be a favorable attribute since this is the organ where HCV predominantly replicates. In order to expedite in vivo studies as the program evolved, test compounds were dosed intraduodenally (ID) to surgically prepared rats and plasma levels monitored for 4-h post-drug administration, with the liver concentration of a test compound determined at the end of the study. In this phase of the program, structural manipulation of **11** was broad-based in nature and directed toward developing a detailed understanding of SARs associated with the P~1~, P~3~, and P~4~ elements of the molecule. In addition, modifications to the substituted quinoline heterocycle attached to C-4 of the P~2~ proline residue, a motif that bound to the protease outside of the substrate-binding groove and which was therefore designated as the P~2~\* element, were explored. This approach recognized the importance of the backbone H-bond donors and acceptors in molecular recognition, while the side chains and the P~4~ moiety established van der Waals contacts with their respective pockets in the enzyme. This SAR survey also acknowledged the high molecular weight of **11** (789 Da) and its potential impact on PK parameters to the extent that pruning elements of the molecule was considered an important part of the design strategy. The data presented in Table [2](#Tab2){ref-type="table"} summarize the key informative discoveries that emerged from this line of inquiry and which shaped the remainder of the program ultimately leading to the discovery of **1**. Truncating the P~1~ and P~3~ elements by removal of the vinyl and *tert*-butyl substituents (**17** and **18**, respectively) resulted in a greater than tenfold reduction in intrinsic enzyme inhibitory potency that translated into a more severe loss of antiviral activity in the replicon assay. Removal of the *t*-Boc moiety at P~4~ (**19**) also eroded potency significantly, but replacing this element with a methoxycarbonyl (**20**) was more readily tolerated. However, this reduction in molecular weight resulted in an inferior in vivo profile, with both the plasma and, particularly, the liver exposure significantly reduced after ID dosing compared to **11**. Further molecular modification of P~4~ in the context of the urea **21**, reverse carbamate **22**, the *iso*propyl carbamate **23**, and the cyclopentyl carbamate **24** led to additional insightful and interesting SAR points, but none provided the kind of in vivo profile that was considered to be promising, with plasma and liver exposures in the 4-h rat experiment less than that observed for **11** \[[@CR26], [@CR38]\]. However, modifications to the P~2~\* element proved to be a more promising avenue of study, with the removal of the C-3 phenyl substituent associated with only a modest reduction in both intrinsic and replicon potency, as exemplified by **25**. Unfortunately, the reduction in molecular weight was not helpful with respect to improving the in vivo exposure. A more severe truncation of the quinoline heterocycle at P~2~\* to the pyridine ring found in **26** defined the structural requirements at this site for potency which was enhanced by the introduction of the C-3 phenyl substituent in **27**, although with no benefit to the in vivo properties. However, configuration of the quinoline moiety as the 2-substituted topology represented in **28** was not only tolerated with some facility in the in vitro assays, but the in vivo profile of this compound in the rat was illuminating, revealing that changes at the P~2~\* moiety could significantly affect PK parameters. The plasma exposure of **28** offered a threefold advantage over that of **11**, while the 4-h liver levels were sixfold higher. The installation of a 1-substituted isoquinoline at P~2~\* gave a compound **29** that preserved much of the intrinsic enzyme inhibitory potency of **11** but, more importantly, offered an improved in vivo PK profile, with tenfold higher plasma exposure and almost fourfold higher liver levels at 4 h \[[@CR26]\]. The oral bioavailability of **29** in the rat was 20%, with IV clearance measured as 19 mL/min/kg and a plasma *t* ~1/2~ of 2.2 h. The introduction of a 6-methoxy substituent to the isoquinoline of **29** gave **30**, a compound with improved potency in both assays while further boosting the PK profile in the rat ID experiment. In the rat, the oral bioavailability of **30** was 18%, with IV clearance lower than for **29** at 4.4 mL/min/kg and a longer plasma *t* ~1/2~ of 4.4 h. Comparison of the profile of **30** with that of its 4-substituted quinoline isomer **25** provides a remarkable example of the effect of a subtle structural modification on the properties in different biological systems against the structural backdrop of a large molecule (MW = 713) \[[@CR39]\]. While the antiviral effects of the two compounds are similar, the PK profiles are quite disparate, with the plasma exposure of **30** almost 700-fold higher than that of **25**, while the 4-h liver levels are 100-fold higher, an observation amplified in the comparison with the matched pair of macrocyclic inhibitors **31** and **32** where the AUC and liver levels of the former compound exceed those of the latter by 28,000- and 1,500-fold, respectively \[[@CR40]\]. ![](458489_1_En_58_Fign_HTML.gif){#d29e1416} Table 2Structure-activity relationships and PK parameters associated with a series of tripeptidic, cyclopropyl-acyl sulfonamide-based HCV NS3/4A inhibitors ![](458489_1_En_58_Figo_HTML.gif){#d29e1426}CompoundP~1~P~2~ ^a^P~3~P~4~GT-1a IC~50~ (nM)GT-1b EC~50~ (nM)AUC over 4 h (μM h)Liver level at 4 h (ng/g)**11**Vinyl![](458489_1_En_58_Figp_HTML.gif){#d29e1502}*t*Bu*t*BuOCO.NH140.0777,850**17**H12437**18**vinylH16893**19***t*BuNH~2~30860**20**MeOCO.NH1320.009156**21***t*BuNHCO.NH4.61017 ng·h/mL72**22***t*BuNHCO.O134282 ng·h/mL3,772**23***i*PrOCO.NH1285ND^a^430**24**cC~5~H~9~OCO.NH113095 ng·h/mL3,431**25**![](458489_1_En_58_Figq_HTML.gif){#d29e1718}*t*Bu*t*BuOCO.NH5260.015620**26**![](458489_1_En_58_Figr_HTML.gif){#d29e1752}8425,000**27**![](458489_1_En_58_Figs_HTML.gif){#d29e1773}10267ND319**28**![](458489_1_En_58_Figt_HTML.gif){#d29e1797}232680.27952,094**29**![](458489_1_En_58_Figu_HTML.gif){#d29e1821}7600.75^a^28,094**30**![](458489_1_En_58_Figv_HTML.gif){#d29e1849}21210.464,710^a^This compound was dosed as a mixture of diastereomers at the C2 position of the P~1~ cyclopropyl ring

The preliminary in vitro and in vivo profiling of **30**, which was designated as BMS-605339, indicated that this was a promising compound, with antiviral potency that met the criteria for advancement. An extensive survey of the SARs associated with substitution of the isoquinoline heterocycle of **30** confirmed its candidacy, with the compounds that provided seminal insights into SAR and PK profiles captured in Table [3](#Tab3){ref-type="table"}. In the X-ray co-crystal structure of **30** with the NS3/4A construct, the isoquinoline ring is positioned over the side chain of Arg155 which forms a salt bridge with Asp168 (Fig. [4](#Fig4){ref-type="fig"}). The SARs associated with substitution of the isoquinoline ring of **30** were interpreted in the context of the effect on the electrostatic potential of the heterocycle that modulates a π-cation interaction with Arg155. However, the C-6-substituted nitrile **41** is an outlier, explained by modeling studies that suggested the potential for the electron-rich tip of the nitrile substituent to engage the positively charged center of the guanidine moiety of Arg155 \[[@CR26]\]. Hence, the interaction of the isoquinoline ring with the NS3/4A protease and the effect of the C-6 substituent appear to take advantage of two distinct modes of engagement with the enzyme surface and, particularly, Arg155 that is sensitive to the substitution pattern (Table [4](#Tab4){ref-type="table"}).Table 3Antiviral and PK profiles of analogues of **30** ![](458489_1_En_58_Figw_HTML.gif){#d29e1914}Compound \#R~1~R~2~R~3~GT-1a IC~50~ (nM)GT-1b EC~50~ (nM)AUC over 4 h (μM·h)Liver level at 4 h (ng/g)*F* (rat)Cl (mL/min/kg)*t* ~1/2~ (h)**33**OCH~3~HH2190.28232,20020%1829.8**34**HOCH~3~H1252.3651,2609%62.2**35**HClH1255.5036,1606%76.6**36**HHOCH~2~CH~3~3121.8314,630NTNTNT**37**HHCH~3~4100NTNTNTNTNT**38**HHF871171.4669,560NTNTNT**39**HHCl36833NTNTNTNTNT**40**HH*t*-Bu31209NTNTNTNTNT**41**HHCN4586NTNTNTNTNT Fig. 4X-ray co-crystal structure of **30** bound to a HCV NS3/4A protein Table 4PK profiles of **30** in the mouse, rat, dog, and cynomolgus monkey following IV and PO dosingSpeciesRouteDose (mpk)*t* ~max~ (h)*C* ~max~ (μM)AUC~0-*t*~ (μM·h)Clearance (mL/min/kg)*t* ~1/2~ (h)*V* ~ss~ (L/kg)%FMouseIV4.42.3146.61.611.37PO300.51.411.6511RatIV29.035.34.70.4IV1053.84.44.40.4PO201.45.2614.113DogIV11.3317.60.60.40IV413.97.45.10.33PO30.751.852.1551Cynomolgus monkeyIV11.3717.40.80.26IV33.9117.93.70.60PO320.040.03\<1

The results of antiviral and rat PK screening identified **30** and **33** as compounds of interest for more detailed studies. Full PK profiling of **33** in the rat revealed that while the oral bioavailability was an encouraging 20% following a dose of 15 mpk, the compound could not be detected in plasma 24-h post-dose, although liver levels at this time point were high at 4.2 μM. This observation was concordant with IV PK parameters, with **33** cleared rapidly from plasma but partitioning readily into the liver, where drug concentration was measured as 8.0 μM at 24 h following administration of a 5 mpk dose. This profile was not considered suitable for further progression of **33**, and attention was focused on the regioisomer **30** which, although displaying lower oral bioavailability in the rat, exhibited a less hepatotropic disposition in vivo \[[@CR39]\]. After dosing of **30** to rats as a solution formulation, the oral bioavailability ranged from 5 to 18%, with plasma exposure of 14.1 μM·h over a 24-h period following a 20 mpk dose \[[@CR39]\]. Plasma levels of 24-h post-dose were 8 nM, with the liver concentration almost 100-fold higher at 730 nM. In the rat, **30** is classified as a low clearance compound, with values of 4.7 and 4.4 mL/min/kg after IV administration of doses of 2 and 10 mpk, respectively (Table [4](#Tab4){ref-type="table"}).

In the dog, the plasma clearance of **30** was classified as moderate, with a moderate *V* ~ss~ and a short *t* ~1/2~ of 0.6 h following a 1 mpk IV dose. However, the AUC increased in a greater than dose-proportional fashion following a 4 mpk dose of **30**, with lower clearance and a longer *t* ~1/2~ of 5.1 h, suggesting that the drug elimination pathways were subject to saturation. In PO dosing experiments, the absorption of **30** was rapid at all doses examined, but oral bioavailability increased with exposure, rising from 23% at 1 mpk to 51% at 3 mpk. Similar to observations in the rat, the oral bioavailability of **30** in the dog was lower following administration of a suspension of the drug compared to a solution formulation, indicative of solubility- or dissolution-limited absorption. Liver levels in the dog were considerably higher than in plasma, with ratios ranging from 51 to 64 that remained constant over time (2, 8, and 24 h), consistent with parallel elimination rates from both compartments \[[@CR39]\]. While IV clearance was moderate in the cynomolgus monkey, volume of distribution (*V* ~ss~) was low, and the *t* ~1/2~ value was 0.8 h after administration of a 1 mpk dose and 3.7 h following a dose of 3 mpk. The oral bioavailability of **30** in the cynomolgus monkey was poor at just 1%, attributed to rapid metabolism that was reflective of the high turnover observed in cynomolgus monkey LMs.

The HCV NS3 protease and replicon inhibitory spectrum of **30** is summarized in Table [5](#Tab5){ref-type="table"}. In vitro analyses indicated excellent selectivity of **30** for HCV NS3/4A protease with IC~50~ values \>1,000-fold higher for a panel of mammalian serine and cysteine proteases and the phylogenetically closest relative, the GBV-B NS3 protease. Compound **30** was inactive in cell culture replication assays for bovine viral diarrhea virus, canine parainfluenza virus, and HIV-1, and additional liability profiling of **30** confirmed its suitability for advancement into clinical trials \[[@CR26]\].Table 5Antiviral profile of **30**Virus genotypeHCV NS3/4A protease IC~50~ (nM)Replicon EC~50~ (nM)1a28.31b0.72.82a144702b169ND3a851,0004a1.6ND5a2.2ND6a0.9ND

After successfully completing IND toxicology studies, **30** was advanced into clinical trials following a protocol that comprised of a single ascending dose (SAD) study (10, 30, 60, and 120 mg) conducted in normal healthy volunteers (NHVs) and a subsequent SAD study conducted in HCV-infected patients \[[@CR26]\]. In the NHV study, plasma levels of **30** increased with dose, although not in a dose-proportional fashion, with a *t* ~max~ of \~1.5 h indicative of relatively rapid absorption. The terminal *t* ~1/2~ was 4--8 h, and **30** was detectable in plasma at 24-h post-drug administration. The SAD in patients infected with GT-1 HCV assessed doses of 10, 60, and 120 mg, selected based on the PK parameters determined in NHVs, with the effect of **30** on plasma viral load compared with those of a placebo control. Plasma viral RNA levels were monitored closely for 24 h and at 48, 72 and 144 h post-dose. A dose-dependent reduction in viral load was observed following administration of **30**, with the 120 mg dose associated with a mean decline of 1.8 log~10~ international units per mL (IU/mL) measured at 12-h post-dose \[[@CR26]\]. The dose-response data are compiled in Fig. [5](#Fig5){ref-type="fig"}.Fig. 5Mean maximal reductions in plasma HCV levels following the administration of single oral doses of **30** to HCV-infected subjects. Maximal reductions at each dose occurred 12 h after drug administration

The Discovery of Asunaprevir (BMS-650032) {#Sec3}
=========================================

While the antiviral efficacy observed with **30** offered considerable promise, enthusiasm was tempered by the occurrence of clinically relevant electrocardiographic changes in one NHV and one HCV-infected patient following a dose of 120 mg of the drug. The effects of **30** on cardiac function were manifested as transient mild bradycardia, PR interval prolongation, and junctional rhythm disturbances that, although asymptomatic in presentation, were considered to represent an unacceptable safety risk for further clinical study, and clinical development of **30** was ended \[[@CR26]\].

The *C* ~max~ value of **30** in the NHV who experienced cardiac effects was 113 nM, while in the HCV-infected patient, the *C* ~max~ was 206 nM, and, in each case, the effects were observed at 1-h post-dose. In preclinical studies conducted in conscious telemetrized dogs administered two 15 mpk doses of **30**, the observed cardiovascular effects were a reduction in heart rate and prolongation of the PR interval. While these general electrophysiological effects had some similarity with the observations in humans, they occurred at plasma exposures estimated to be approximately 12 μM based on studies conducted in non-telemeterized animals \[[@CR1]\]. Since the affinity of **30** for plasma proteins was similar in dogs (98.2%) and humans (99.1%), it was concluded that humans were considerably more sensitive to the CV effects of **30** than preclinical species. In an effort to identify a predictive preclinical model, the CV effects of **30** in rabbits were investigated following IV administration of the drug to anesthetized animals. Heart rate (HR), blood pressure, and sinus node recovery time (SNRT) were monitored following incrementally increasing doses of 1, 3, and 10 mpk of **30**, with each dose infused over a 5-min period. A mild 32 beats per minute (bpm) decline in HR was noted in this experiment along with a modest reduction in blood pressure amounting to 14--23 mmHg from the baseline value; however, only the heart rate decline was drug related since changes in blood pressure were also observed in control animals infused with vehicle. The plasma concentration of **30** in this experiment peaked at 27 μM and by 60 min after the last infusion had fallen to 1.65 μM when drug concentration in cardiac tissue was 0.25 μM. The results of this study indicated that an in vivo rabbit evaluation protocol would not be a useful approach to identifying compounds predicted to offer reduced CV effects in humans. Evaluation of **30** in a battery of in vitro cardiac ion channel and receptor screens failed to identify a biochemical target, and so a Langendorff isolated rabbit heart model was investigated in an effort to more precisely understand the effects of **30** on cardiac function \[[@CR1], [@CR41]\]. In this model, the isolated rabbit hearts were perfused with Krebs-Henseleit solution containing **30** at concentrations of 0.3, 1, 3, and 10 μM for a period of \~12 min, while HR and SNRT were monitored. Declines in HR were observed at concentrations of 3 μM (−15 bpm) and 10 μM (−23 bpm) of **30** with an increase in SNRT of ≥425 ms, effects that continued to increase during the 10 min washout period following drug perfusion. However, no effects on atrioventricular conduction time or QRS interval were observed. When rabbit hearts were perfused for 60 min at a single concentration of **30**, effects on HR and SNRT were observed when drug was perfused at a concentration of 1 μM, but the effects were attenuated at a lower perfusion concentration of 0.3 μM and absent at 0.1 μM. These data suggested that the cardiac effects of **30** were due to a direct action of the drug on the SA node which acts as the cardiac pacemaker. Although the rabbit heart was less sensitive to the effects of **30** than humans, the Langendorff model was adopted as an in vitro liability screen since test compounds could be evaluated at high, protein-free drug concentrations, with a perfusion concentration of 10 μM selected to profile test compounds. However, the Langendorff model is a complex assay with limited throughput, necessitating a careful selection of compounds for evaluation, which sought to develop an understanding of the structure-liability relationships by evaluating systematic structural changes to **30** \[[@CR1]\].

The data presented in Table [6](#Tab6){ref-type="table"} provided key insights into effect of molecular editing on cardiac parameters in the rabbit model. The observation of heart rate and SNRT changes associated with the carboxylic acid analogue **42** that were milder in severity than **30** was considered to absolve the cyclopropyl-acyl sulfonamide moiety as causative. This was important since the value of the cyclopropyl-acyl sulfonamide is clearly exemplified by the 100-fold compromised antiviral activity associated with **42** compared to **30**. Compounds with modifications at P~3~ (**43**), P~4~ (**44**), and P~2~\* (**45** and **46**) also exhibited significant effects on the measured rabbit heart parameters, results that indicated that identifying a compound containing potent antiviral activity with the targeted PK profile while exhibiting reduced CV effects would require considerable experimentation \[[@CR1]\]. This consideration, coupled with the knowledge base that had been generated around the P~2~\* element and its effects on antiviral potency and PK, focused the attention on assessing the effects of isoquinoline substitution pattern on CV parameters, with results for the salient compounds **33**, **47**--**51**, and **1** compiled in Table [6](#Tab6){ref-type="table"}. All seven of these compounds are potent GT-1a enzyme inhibitors with EC~50~ values in the GT-1b replicon that, with the exception of **33** and **47**, are ≤10 nM. However, the CV effects in the Langendorff assay show a marked dependence on substitution pattern, with early structure-liability studies implicating the C-6 methoxy substituent as a contributing element. Consistent with this observation, the CV effects were moderated when the methoxy substituent was installed at the 5-position (**47**) or the 4-position (**33**) or at both the 4- and 5-position (**48**) when compared to **30**. The PK profile of **33** offered promise, with oral bioavailability of 19%, an AUC of 0.37 μM·h, low clearance (9.8 mL/min/kg), and a *t* ~1/2~ of 4.3 h following a 30 mpk dose, while for **47** the oral F was 9%, the AUC was 2.7 μM·h, clearance was low at 6.0 mL/min/kg, and the *t* ~1/2~ was 2.2 h. However, **33** and **47** were not progressed because of the modest potency in the GT-1b replicon with EC~50~ values of 25 and 19 nM, respectively, that exceeded the target of ≤10 nM. The PK profile of **48** was less than optimal, with a short *t* ~1/2~ in the rat of 0.3 h. Nevertheless, these results encouraged further structural manipulation which revealed that the combination of 4- and 5-methoxy substitution in **49** was associated with significant effects on HR and SNRT as was the 4-methoxy and 5-chloro combination exemplified by **50**. However, the combination of a 4-methoxy substituent with either a 6-chloro (**51**) or 7-chloro (**1**) substituent moderated the CV effects, with those of **1** comparable to vehicle in the Langendorff rabbit heart assay. This CV profile was confirmed in a 60-min perfusion protocol at a drug concentration of 10 μM where the maximal reduction of heart rate associated with **1** was 10% and the maximal increase in SNRT was 14%, values that were similar to the vehicle control in this experiment. This result provides a second demonstration of the significant effects of subtle structural modifications on biological properties in the context of a large molecule in this series of HCV NS3/4A protease inhibitor, with the only difference in the molecular formulae between **30** and **1** being the addition of a chlorine atom \[[@CR1]\].Table 6Antiviral potency and cardiac screening of analogues of **30** ![](458489_1_En_58_Figx_HTML.gif){#d29e3212}Compound \#R~1~R~2~R~3~R~4~IC~50~ GT-1a enzyme (nM)EC~50~ GT-1b replicon (nM)% HR change% SNRT change**30***t*-BuOCO*t*-Bu![](458489_1_En_58_Figz_HTML.gif){#d29e3292}NHSO~2~cPr212−25290**42**OH2472,000−2637**43***i*-PrNHSO~2~cPr217−32144**44**![](458489_1_En_58_Figy_HTML.gif){#d29e3372}*t*-Bu413−44901**45***t*-BuOCO*t*-Bu![](458489_1_En_58_Figaa_HTML.gif){#d29e3411}NHSO~2~cPr452−1926**46**![](458489_1_En_58_Figab_HTML.gif){#d29e3441}232−37397**47***t*-BuOCO*t*-Bu![](458489_1_En_58_Figac_HTML.gif){#d29e3475}NHSO~2~cPr125−917**33**![](458489_1_En_58_Figad_HTML.gif){#d29e3505}219−818**48**![](458489_1_En_58_Figae_HTML.gif){#d29e3529}17−1320**49**![](458489_1_En_58_Figaf_HTML.gif){#d29e3553}15−37198**50**![](458489_1_En_58_Figag_HTML.gif){#d29e3577}19−44104**51**![](458489_1_En_58_Figah_HTML.gif){#d29e3602}210−1127**1**![](458489_1_En_58_Figai_HTML.gif){#d29e3626}16−45

The PK profile of **1** in rats was acceptable, with an oral AUC of 1.0 μM·h following a 20 mpk dose, 12% oral bioavailability, and high liver levels of 15.2 μM 24-h post-dose, reflective of a more hepatotropic disposition than **30** \[[@CR1], [@CR42]\]. An IV PK experiment allowed the determination of the in vivo clearance of **1**, which was 38 mL/min/kg, although the *t* ~1/2~ was reasonable at 4.2 h (Table [7](#Tab7){ref-type="table"}). Although extensive SAR studies were conducted around **1**, with variations at P~1~, P~2~\*, and P~4~ examined, none of the analogues synthesized offered an overall profile in vitro and in vivo that surpassed that of the prototype, and **1** was examined in further detail in order to determine its suitability as a candidate for development. The PK profiles of **1** in mouse, dog, and cynomolgus monkey are compiled along with the rat data in Table [7](#Tab7){ref-type="table"} and reveal moderate clearance in all species with the exception of the cynomolgus monkey, a PK profile that reflects the high turnover of **1** in LMs from this species (50 ± 22 pmol/min mg which compares to 4.9 pmol/min mg in RLM, 4.7 pmol/min mg in dog LM, and 5.8 ± 1.8 in HLM). The measured in vitro clearance values correlated reasonably well with the in vivo results in the dog and monkey but underpredicted in vivo clearance in the rat and the dog, although the data were within twofold in the latter species. This was attributed to direct excretion of **1** into the bile, which amounted to 9% of the dose in the rat and 22% in the dog, and suggested the involvement of liver uptake transporters. Incubation of **1** with individual recombinant CYP enzymes revealed significant metabolic turnover only by CYP 3A4, with metabolism in HLM inhibited by ketoconazole and troleandomycin and selective CYP 3A4 inhibitors, although additional contributions to metabolism by CYP 2D6, CYP 2C9, and CYP1A2 could not be definitively ruled out. Further studies with recombinant CYP enzymes indicated that **1** was not an inhibitor of CYP 2D6, CYP 2C9, CYP 2C19, and CYP 1A2, with IC~50~ values \>40 μM, but **1** was a moderate CYP 3A4 inhibitor with IC~50~ values of 8, 29, and 27 μM when benzyloxyresorufin (BZR), 7-benzyloxy-trifluoromethylcoumarin (BFC), and midazolam were used as substrate probes, respectively.Table 7Single dose PK profile of **1** in preclinical speciesSpeciesRouteDose (mpk)*t* ~max~ (h)*C* ~max~ (μM)AUC~0-*t*~ (μM·h)Clearance (mL/min/kg)*t* ~1/2~ (h)*V* ~ss~ (L/kg)%FMouseIV20.7757.34.612.6PO56.00.130.5428RatIV52.9 ± 0.7938 ± 104.2 ± 0.567.9 ± 7.2PO154.0 ± 00.18 ± 0.081.0 ± 0.2714 ± 3.7DogIV11.218.71.00.6PO33.00.602.261Cynomolgus monkeyIV11.3 ± 0.3518.3 ± 5.11.3 ± 0.280.54 ± 0.18PO31.3 ± 0.580.19 ± 0.180.41 ± 0.2811 ± 4.3

The permeability of **1** in a parallel artificial membrane permeability assay (PAMPA) was high (\>473 nm/s at pH = 5.5 and \>492 nm/s at pH = 7.4) predictive of good absorption \[[@CR1], [@CR43], [@CR44]\]. The high membrane permeability associated with **1** has been attributed to its inherent conformational flexibility which allows dynamic modulation of the exposure of its polar surface elements in different environments \[[@CR44]\]. However, in a bidirectional Caco-2 cell assay, the measured efflux ratio (ER) was 31-fold at a drug concentration of 5 μM and threefold at the higher concentration of 25 μM, indicative of saturation of efflux \[[@CR43], [@CR44]\]. Efflux of **1** (5 μM) was reduced significantly in these assays in the presence of inhibitors of P-gp and breast cancer resistance protein (BCRP) (ER = 1.9) and P-gp and multidrug resistance protein 2 (MRP2) (ER = 1.4) but less so in the presence of a BCRP inhibitor alone (ER = 20), suggesting that **1** is a substrate for P-gp and, possibly, MRP2. A role for P-gp in the disposition of **1** in vivo was confirmed with studies in P-gp knockout mice where the oral bioavailability increased to \>100% compared to 28% in wild-type animals \[[@CR43]\].

The plasma protein binding of **1** was high in rat, dog, and cynomolgus monkey plasma (97.2--98.8%) and comparable to human plasma, 98.8%. The *V* ~ss~ in vivo was higher than total body water in mice and rats but similar to the total body water volume in dog and cynomolgus monkey. The liver to plasma ratios of **1** in mouse, rat, dog, and monkey measured at 8-h post-dose were 82, 555, 293 (7 h), and 248, respectively, high levels that persisted out to 24-h post-dose in the rat (300) and dog (410), indicative of a hepatotropic disposition in all of the preclinical species studied. However, **1** did not distribute effectively to CNS, endocrine, reproductive, or fatty tissues.

Biochemical profiling indicated that **1** was a potent and competitive inhibitor of recombinant GT-1a and GT-1b HCV NS3/4A proteases with *K* ~i~ values of 0.4 nM and 0.24 nM, respectively, and an X-ray co-crystal structure highlighted the key drug-target interactions (Fig. [6](#Fig6){ref-type="fig"}) \[[@CR1], [@CR43], [@CR45]--[@CR47]\]. In vitro genotypic and phenotypic analysis of the emergence of resistance in GT-1a and GT-1b replicons in response to selective pressure exerted by **1** identified several substitutions that conferred low (5-fold) to moderate (21-fold) resistance to GT-1a virus in transient-transfection susceptibility assays \[[@CR45]\]. The primary mutations were either Arg155Lys or Asp168Gly, which interacts in the NS3 protein to form a salt bridge, part of which makes contact with the isoquinoline P~2~\* moiety, or at Ile170Thr, a residue interacts with the head group of Arg155 and contributes to the pocket around the Arg155-Asp168 salt bridge. While the Ile170Thr mutation suggests a subtle effect on interactions of the isoquinoline P~2~\* heterocycle with the Arg155-Asp168 salt bridge, disruption of the Asp168-Arg155 salt bridge renders the Arg155 side chain mobile, modifying the planarity of the S~2~\* region of NS3/4A and thereby affecting binding of the isoquinoline P~2~\* heterocycle. In addition, comparison of the single crystal conformation to the bound conformation of **1** (Fig. [7](#Fig7){ref-type="fig"}) suggests significant preorganization of the ligand in the P~2~\*-P~4~ region. Mutations occurring in the S~2~\* region would thus be expected to exert an impact on the contact surface with the protein and require disruption of the preorganized conformation of the ligand, with the fold change in resistance reflective of the extent of disruption in the optimal planar S~2~\* site. In GT-1b replicons, the same selection pressures resulted in replicons with a higher level of resistance to **1**, with the primary site of mutation mapped to Asp168 and with several substitutions (Asp168Ala/Gly/His/Val/Tyr) observed that conferred high levels (16- to 280-fold) of resistance. The most prevalent GT-1b resistance mutations were Asp168Gly and Asp168Val, and these substitutions had a deleterious impact on replication capacity.Fig. 6Co-crystal structures of **1** bound to a HCV NS3/4A enzyme construct. (**a**) Co-crystal structure of **1** bound to a HCV NS3/4A enzyme construct. (**b**) An overlay of the co-crystal structures of **1** and **30** bound to a HCV NS3/4A enzyme construct Fig. 7(**a**) Single crystal structure of **1**. (**b**) Overlay of the single crystal structure of **1** with the protease-bound conformation of **1** (green "C" sticks)

In replicon assays, **1** was a potent inhibitor of GT-1 and GT-4 replication with EC~50~ values of \<5 nM but was less potent toward GT-2 and GT-3 replicons where the EC~50~ values ranged from 67 to 1,162 nM, data compiled in Table [8](#Tab8){ref-type="table"}. In combination studies, **1** demonstrated additive or synergistic activity when combined with IFN-α, the nucleoside derivative ribavirin (**52**), the HCV NS5A inhibitor **2**, and the allosteric HCV NS5B inhibitor **3**. ![](458489_1_En_58_Figaj_HTML.gif){#d29e4188} Table 8Antiviral profile of **1**HCV NS3 protease inhibitionHCV replicon inhibitionHCV genotype (strain)IC~50~ (nM)Genotype (strain)EC~50~ (nM)1a (H77)0.70 ± 0.061a (H77c, stable cell line)4.0 ± 0.31b (J4L6S)0.30 ± 0.021b (Con1, stable cell line)1.2 ± 0.32a (HC-J6)15 ± 12a (JFH-1, stable cell line)230 ± 742b (HC-J8)78 ± 23a (S52, stable cell line)1,162 ± 2743a (S52)320 ± 134a (ED43, transient cell line)1.8 ± 0.24a (ED43)1.6 ± 0.1ND5a (SA13)1.7 ± 0.2ND6a (HK-6A)0.9 ± 0.1ND*ND* not determined

Clinical Studies with Asunaprevir {#Sec4}
=================================

The clinical development program for **1** began with a double-blind, placebo-controlled sequential SAD study in which doses of 10, 50, 100, 200, 400, 600, and 1,200 mg of **1** were administered as an oral suspension to panels of eight NHVs in order to establish a safety profile and glean insight into plasma pharmacokinetic properties \[[@CR48]--[@CR51]\]. Adverse events (AEs) were generally mild to moderate and comparable to the placebo controls, with headache and diarrhea as the most common events that occurred in both the drug-treated and placebo groups. Most importantly in this short duration study, a detailed analysis of cardiac safety in patients revealed no evidence of an increased risk of adverse cardiac events, and there were no dose- or time-related trends in the QT interval corrected for heart rate \[[@CR48]\]. Although **1** was detected in plasma of NHVs at 30 min post-dose, reflective of facile absorption, the PK profile of the drug was complex in nature. The terminal half-life of **1** ranged from 14 to 20 h, but the apparent oral clearance was high, and plasma levels of the compound declined in a biphasic fashion \[[@CR49]--[@CR51]\]. The rapid plasma clearance associated with **1** was consistent with the hepatotropic disposition observed in preclinical species and in subsequent studies evaluating the effect of concomitant administration of a single dose of the OATP inhibitor rifampin; the plasma *C* ~max~ of **1** was 21-fold higher, although there was considerable variability in the values, while the mean AUC~inf~ increased by 15-fold \[[@CR52]\]. The plasma exposure of **1** in the context of dose was nonlinear, with incremental increases in exposure that were greater below 200 mg than above this dose (Table [9](#Tab9){ref-type="table"}) \[[@CR49]--[@CR51]\]. In addition, the plasma exposure was higher following the dosing of **1** as a solution formulation with the mean *C* ~max~ and AUC~inf~, 4.4- and 1.8-fold higher, respectively, at the 50 mg dose and 10- and 2.8-fold higher, respectively, at the 200 mg dose. Collectively, these data were indicative of solubility- and dissolution-limited absorption, and when a tablet formulation of **1** was dosed concomitantly with a high-fat meal at a dose of 600 mg, the *C* ~max~ and AUC~inf~ values were 29.6- and 11.5-fold higher, respectively, than administration of the tablet under fasted conditions \[[@CR49]--[@CR51]\].Table 9Mean *C* ~max~ and AUC~inf~ values following the dosing of **1** as a suspension or solution formulation to NHVs and as a suspension to HCV-infected subjectsNHVs (*n* = 6 per group)HCV-infected subjects (*n* = 5 per group)Dose (mg)Mean *C* ~max~ (ng/mL) (SD)Mean AUC~inf~ (ng•h/mL)Dose (mg)Mean *C* ~max~ (ng/mL) (SD)Mean AUC~inf~ (ng·h/mL)101.2 ± 0.797.6 ± 2.19105.13 ± 5.9634.5 ± 31.155050 (solution)9.4 ± 2.7944.02 ± 23.10)82.3 ± 28.38153.9 ± 78.865012.23 ± 4.53104.7 ± 26.0010038.45 ± 23.25248.1 ± 100.17200200 (solution)40.12 ± 18.32446.5 ± 319.99423.1 ± 170.561,265.1 ± 797.7920091.00 ± 98.15763.6 ± 504.59400110 ± 86.00638.5 ± 220.716001,304 ± 2,701.363,610.2 ± 6,715.38600162.00 ± 55.051,288.0 ± 359.651,2001,016 ± 1,327.872,805 ± 3,000.24

Based on the PK profile in NHVs, doses of 10, 50, 200, and 600 mg of **1** were selected for a double-blind, placebo-controlled sequential SAD study conducted in HCV GT-1-infected patients to assess the effect of compound on plasma HCV levels \[[@CR48]\]. The PK parameters of **1** in this patient population were similar to NHVs although plasma exposure appeared to be slightly higher \[[@CR48]--[@CR51]\]. HCV viral load was followed for 144-h post-drug dosing, and while the virological response to **1** was minimal at the 10 mg dose, mean plasma HCV RNA declined by 0.64 log~10~, 2.26 log~10~, and 2.87 log~10~ IU/mL following administration of single 50, 200, and 600 mg doses of **1**, respectively (Fig. [8a](#Fig8){ref-type="fig"}). A multiple ascending dose study in which **1** was administered at doses of 200, 400, and 600 mg on a twice daily schedule for 3 days to GT-1 HCV-infected individuals under a double-blind, placebo-controlled protocol confirmed the antiviral effects, with the mean maximal reductions in viral load compiled in Fig. [8b](#Fig8){ref-type="fig"}.Fig. 8(**a**) Mean maximal viral load reduction following oral administration of **1** to GT-1 HIV-infected patients. Maximal viral load reduction was observed at 12-h post-dose following administration of the 10, 50, and 20 mg doses, while the nadir occurred at 24 h following the 600 mg dose of **1**. (**b**) Mean maximal viral load reduction following oral administration of **1** twice daily to GT-1 HIV-infected patients for 3 days

The development of **1** was part of a broader strategy that sought to advance at least two direct-acting antiviral agents into clinical trials that were designed to be used in combination therapy as a means of addressing concerns surrounding the rapid development of resistance to mono-therapeutic drug regimens. Viral RNA polymerases are recognized for their poor proofreading ability which leads to the incorporation of mismatched base pairs and the production of viruses with mutations that can resist drug action and lead to virological failure \[[@CR53]--[@CR60]\]. The frequency with which HCV RNA polymerase introduces mutations and the influence of replication rate on virus diversity has been elegantly analyzed by Perelson and explains the rapid emergence of resistance seen with the first-generation HCV NS3 protease inhibitors \[[@CR61]--[@CR69]\]. The HCV NS5A inhibitor **2** progressed into clinical trials contemporaneously with **1**, providing the opportunity to conduct a clinical trial in which the potential of the two compounds to treat a chronic HCV infection was examined \[[@CR17], [@CR18]\]. The patient population selected for this trial was comprised of patients who had either failed the existing standard of care therapy at the time, PEG-IFN-α, and the nucleoside analogue **52**, or who had failed to respond to this therapeutic regimen, so-called null responders \[[@CR70]--[@CR72]\]. This patient population was considered to be the most difficult to treat, and a trial against this clinical background was viewed as a stringent evaluation of the potential of DAAs to affect the course of a chronic HCV infection. In this phase IIa clinical trial, a combination of **1** (600 mg BID) and **2** (60 mg QD) was administered to 11 HCV GT-1-infected subjects for 24 weeks. The control arm for this study comprised of 10 GT-1-infected subjects who received the same dosing regimen of **1** and **2** in conjunction with the standard of care therapy of PEG-IFN-α2a and **52** dosed for 24 weeks. The two patient cohorts were matched for viral load and virus genotype, with the majority infected with GT-1a and with 10/11 patients in the dual combination group and 9/10 in the quadruple arm group expressing the IL28B CT or TT genotypes that predict a poor response to peg-IFNα therapy rather than the responsive CC genotype (Table [10](#Tab10){ref-type="table"}) \[[@CR73]--[@CR76]\]. In the quadruple therapy cohort, all patients had undetectable levels of HCV RNA in plasma at the end of therapy, a circumstance that persisted to week 12 post-therapy (SVR~12~), data compiled in Table [10](#Tab10){ref-type="table"}. However, one patient had detectable HCV RNA in plasma at week 24 after treatment but was undetectable 35 days later; however, this patient was classified as a failure based on the written clinical protocol. In the direct-acting antiviral cohort, 5/11 subjects had undetectable HCV RNA at the end of therapy with 1 GT-1a-infected subject relapsing post-therapy to leave 4/11 subjects who achieved SVR~12~ (Table [10](#Tab10){ref-type="table"}). In this cohort, both GT-1b-infected subjects achieved SVR~12~ and SVR~24~, while viral breakthrough was restricted to the GT-1a-infected subjects. Those subjects experiencing viral breakthrough had peg-IFNα2a and **52** added to their drug treatment regimen, and while most responded with declines in viral load, the effect was not durable \[[@CR17]\].Table 10Results of a clinical trial comparing the combination of **1** and **2** with a quadruple combination of **1**, **2**, PEG-IFNα2a, and **52**Therapy**1** + **21** + **2** + PEG-IFNα2a + **52**\# of subjects1110\# GT1a/GT-1b-9/29/1HCV RNA (IU/mL)6.8 ± 0.66.6 ± 0.8IL28B genotypeCT or TT: 10/11 (91%)CC: 1/11 (9%)CT or TT: 9/10 (90%)CC: 1/10 (10%)*Patients with undetectable HCV RNA in plasma*Week 47/11 (64%)6/10 (60%)Week 245/11 (45%)10/10 (100%)Week 12 post-therapy (SVR~12~)4/11 (36%)10/10 (100%)Week 24 post-therapy (SVR~24~)4/11 (36%)9/10 (90%)^a^Week 48 post-therapy3/11 (27%)9/10 (90%)SVR~12~ and SVR~24~ = undetectable HCV RNA 12 and 24 weeks, respectively, after completion of 24 weeks of therapy^a^One patient had detectable but not quantifiable HCV RNA at week 24 but was undetectable on retesting 35 days later

This study demonstrated for the first time that a chronic HCV infection could be cured with DAA therapy alone in the absence of an exogenous immune stimulant and **52** and was characterized as "a watershed moment" in the development of HCV DAAs \[[@CR18]\]. The efficacy of the combination of **1** and **2** in treating GT-1b infections redirected the clinical development program toward Japan where the patient population is comprised predominantly (70%) of subjects infected with this virus genotype. In the phase III clinical trials that formed the basis of marketing approval of the dual combination of **1** and **2** for the treatment of GT-1b infection in Japan, the combination was administered at doses of 100 mg BID and 60 mg QD, respectively, for 24 weeks of therapy \[[@CR77]--[@CR85]\]. This regimen was associated with SVR~12~ rates of 81% in the non-responder population and 87% in those either ineligible for or intolerant of PEG-IFNα therapy. In a multinational clinical trial conducted in a broad-based patient population infected with GT-1b virus, the SVR~12~ rates were 90% for those naïve to therapy and 82% for those in the ineligible/intolerant group.

Marketing approval of the dual drug combination of **1** and **2** by the Japanese Pharmaceutical and Medical Devices Agency (PMDA) occurred on July 4, 2014 \[[@CR8]\]. The licensing of **1** and **2** represented the first approval of a combination of DAAs for the treatment of HCV infection although the combination of **52** and the nucleoside-based HCV NS5B inhibitor prodrug sofosbuvir (**53**) was approved by the FDA in December of 2013 \[[@CR86], [@CR87]\]. ![](458489_1_En_58_Figak_HTML.gif){#d29e5037}

Extending the therapeutic utility of **1** and **2** to include the treatment of HCV GT-1a infections required the addition of a third agent, the NS5B inhibitor beclabuvir (**3**), which was ultimately developed as a fixed dose combination comprising of 200 mg of **1**, 30 mg of **2**, and 75 mg of **3** administered on a BID schedule for 12 weeks \[[@CR88]--[@CR93]\]. In an international phase III clinical study designated the UNITY 1 trial that was conducted in 415 patients infected with HCV GT-1 who were non-cirrhotic, 91% of the patients achieved SVR~12~. This patient population in this trial comprised of both treatment-naive and treatment-experienced patients with SVR~12~ achieved by 92% in the former and 89% in the latter groups with virologic failure occurring in 8% of the patients. In a phase III study conducted in 202 GT-1-infected patients with compensated cirrhosis who resided in the United States, Canada, France, and Australia (UNITY-2), the SVR~12~ rates were 93% and 87% for patients in the treatment-naïve and treatment-experienced groups, respectively. In this study, the addition of **52** to the therapeutic regimen improved SVR~12~ rates to 98% for those naïve to treatment and 93% in those who were treatment-experienced. In the UNITY 3 phase III clinical trial that was conducted in Japanese patients infected with GT-1 HCV, SVR~12~ rates were ≥95% in both the larger treatment-naive (*n* = 152) and the interferon-experienced (*n* = 65) groups following 12 weeks of therapy. In this study, SVR~12~ rates were similar for this with cirrhosis and those aged ≥65 years. These studies contributed to the approval of the fixed dose combination of **1**, **2**, and **3** for marketing as Ximency^®^ in Japan on December 20, 2016. Interestingly, a short duration intensification study in which HCV-infected patients were treated with a combination of **1**, **2**, **3**, and **53** for 4 or 6 weeks failed to effect high rates of cure despite 96% of the patients achieving undetectable HCV RNA levels in plasma at the end of therapy \[[@CR94]\].

Conclusion {#Sec5}
==========

The discovery of **1** relied upon an approach rooted in structure-based drug design that identified the beneficial effects of the cyclopropyl-acyl sulfonamide moiety as the optimal P~1~-P~1~' moiety in a series of tripeptide-based NS3/4A inhibitors. This structural element conferred a significant enhancement in intrinsic enzyme inhibitory activity compared to carboxylic acid-based prototypes that translated effectively to potent antiviral effects in HCV replicons, which had just become available at the time that **11** was first synthesized. The value of the cyclopropyl-acyl sulfonamide in NS3/4A inhibitor drug design is underscored by the widespread adoption of this moiety as a prominent structural element that is present in all of the currently marketed HCV NS3/4A protease inhibitors. The development of the tripeptide-based inhibitors leading to **1** presented several challenges that were associated with exploring drug space beyond the rule-of-5 parameters that were beginning to be widely embraced at the time that **11** was discovered \[[@CR95]--[@CR101]\]. While identifying compounds with targeted PK profiles proved to be less arduous than the rule-of-5 parameters might have predicted, the observations of cardiac side effects in phase I clinical trials with **30** was a major disappointment and a significant hurdle to surmount. However, despite the low throughput associated with the Langendorff isolated rabbit heart assay used to triage compounds for CV effects, by the time that the decision was made to end the clinical development of **30**, the team had been able to identify **1** by finessing the salient structure-liability relationships after screening approximately 20 compounds. The clinical trial assessing a combination of **1** with the NS5A inhibitor **2**, the discovery of which relied upon the diametrically opposite strategy of phenotypic screening and optimization, in infected HCV patients proved to be of significance to the field \[[@CR11], [@CR16], [@CR17]\]. The results of this small clinical study, which demonstrated for the first time that a chronic infection could be cured by DAAs alone, subtended the advent of the well-tolerated small molecule drug combinations that have been widely approved. These DAA combinations are very effective therapeutics for the treatment of chronic HCV infections, effecting high rates of cure after just 8--12 weeks of therapy, a sharp contrast to the 48 weeks of therapy that had to be endured with PEG-IFN-α-based regimens.
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